Abstract-It has been shown recently that the propagation of short optical pulses in a nonlinear directional coupler consisting of two parallel waveguides or fibers should be described more generally by a pair of coupled nonlinear equations that take into account the dispersion properties of the coupling coefficient. In this paper, we use the Fourier series analysis method to solve these equations, and study the effects of a dispersive coupling coefficient on the switching dynamics of short optical pulses in a nonlinear directional coupler. We demonstrate, with numerical examples, that a dispersive coupling coefficient could cause significant pulse distortion and affect the threshold switching intensity. The effects of introducing frequency chirps in the input pulses are also discussed.
I. INTRODUCTION
N ONLINEAR directional couplers have been studied extensively for their potential applications in all-optical switching [1] - [14] . Most previous analyses of pulse propagation in a nonlinear directional coupler were based on solving the linearly coupled nonlinear Schrödinger equations, where the group-velocity dispersion was assumed to be the only factor that contributed to pulse distortion [2] - [10] . Recently, it has been shown that a dispersive coupling coefficient can also give rise to significant effects on the propagation of short pulses in a directional coupler [14] , [15] . In particular, it can cause pulse breakup and jeopardize the function of the coupler as an optical switch. In fact, the pulse breakup phenomenon has been demonstrated experimentally with a two-core optical fiber [16] , as predicted [17] .
To include the effects arising from the dispersion properties of the coupling coefficient, new coupled-mode equations have been derived [14] , [15] which differ from the conventional linearly coupled nonlinear Schrödinger equations in that they have extra time-varying cross-coupling terms. Except for some special cases [14] , [15] , these equations cannot be solved analytically. It is the purpose of this paper to study the dynamics of pulse propagation in a nonlinear coupler under various physical conditions. The method we employed is the Fourier series analysis method, which was originally developed for the study of soliton transmission in a singlemode fiber with third-order dispersion and loss [18] .
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II. ANALYSIS
We consider an evanescent-field coupler which consists of two identical parallel single-mode waveguide/fiber cores. The coupled-mode equations that describe the propagation of pulses in the coupler are given by [14] , [15] (1) (2) where and are the normalized amplitudes of the pulses carried by the modes of the two cores, respectively, and are the normalized distance and time coordinates, respectively, with (assumed negative) the group-velocity dispersion coefficient, the group velocity, and the characteristic pulsewidth, and and are the normalized coupling coefficient and couplingcoefficient dispersion given, respectively, by (3) (4) where is the coupling coefficient, which measures the spatial overlap between the mode fields in the two cores, and , with the optical frequency, is a measure of the wavelength dependence (i.e., the dispersion) of the coupling coefficient. With the cross-coupling terms that contain ignored, (1) and (2) reduce to the well-known linearly coupled nonlinear Schrödinger equations.
To show the magnitudes of and , we analyze a typical two-core fiber, which has a core index of 1.5 and a relative index difference of 1% between the cores and the cladding, and is operated at the wavelength 1.55 m ( ps nm ) [17] . The parameters and are plotted in Fig.  1 when the pulsewidth is not too short ( fs) and the core separation is small. In that case, the coupling-coefficient dispersion dominates over the groupvelocity dispersion, and, in most practical situations, both the group-velocity dispersion and the nonlinearity can be ignored [14] . On the other hand, when the pulsewidth is very short ( fs) or the core separation is large, we have , and the previous results [2] - [10] obtained from solving the linearly coupled Schrödinger equations are accurate. In this paper, we highlight the intermediate case where , i.e., when the coupling-coefficient dispersion is comparable to the group-velocity dispersion. To our knowledge, this case has never been dealt with previously.
We employ the Fourier series analysis method [18] to solve (1) and (2) . The algorithm of the Fourier series analysis method is outlined in Fig. 2 . The amplitudes and are first expanded in a Fourier series and substituted into (1) and (2) . By making use of the orthogonality properties of the Fourier series, a set of first-order partial differential equations is obtained, which is then solved by a stable Runge-Kutta method to obtain the solutions in the frequency domain. By applying the inverse Fourier transform to the frequencydomain solutions, the time-domain solutions are found.
III. RESULTS
We first analyze a linear coupler with and , where a Gaussian pulse is launched into an input port of the coupler. In this case, the group-velocity-dispersion and nonlinear terms can be ignored, and the problem can be solved analytically [14] , [15] . The numerical results calculated by the Fourier series analysis method are presented in Fig. 3 , where and are the intensity envelopes of the pulses in the two waveguides. The results shown in Fig. 3 are indistinguishable from the analytical solutions [14] , [15] (5) (6) where is the amplitude envelope of the input pulse, i.e., and . For this example, the normalized coupling length [15] is . Because of the presence of , a complete power transfer at is not attainable. In fact, as the pulse propagates along the coupler, it suffers from more and more distortion, and eventually breaks up into two pulses in each waveguide. The distance at which the pulse clearly breaks up is given by (the walk-off length) [15] , which, in the present case, is equal to 0.05.
We next analyze a nonlinear coupler with (a normalized coupling length of ) and the coupling-coefficient dispersion ignored, i.e., . The initial conditions are given by and , where is the amplitude of the input pulse. Our results are presented in Fig. 4(a) and (b) for and , respectively, which are virtually identical to the results in [2] calculated by a beampropagation method. As shown in Fig. 4(a) , when the intensity of the input pulse is low, the pulse couples back and forth between the two waveguides with little distortion. When the intensity of the input pulse is high, as shown in Fig. 4(b) , the nonlinear change in the refractive index in the input waveguide becomes so large that the pulse is essentially trapped in the input waveguide. Pulse distortion of a symmetric nature can be observed in Fig. 4(b) .
We are now ready to analyze the intermediate situation where the first-order coupling-coefficient dispersion and the group-velocity dispersion are comparable in magnitude. As an example, we consider a nonlinear coupler with and , under the initial conditions and . These values of and correspond roughly to the situation of propagating a 100-fs pulse at the wavelength 1.55 m in a two-core fiber with a center-tocenter core separation that is approximately 6-8 times the core radius, as shown in Fig. 1 . The propagation characteristics are presented in Fig. 5(a) and (b) for and , respectively. By comparing Figs. 4(a) and 5(a), we see that the presence of can break up the input pulse and cause significant pulse distortion. A complete power transfer from one waveguide to the other becomes impossible. In this case, the walk-off length is , which is shorter than the coupling length . As the input amplitude is doubled, the nonlinear effect becomes dominant and the pulse distortion due to becomes less significant, as shown in Fig. 5(b) . It can be observed, by comparing Figs. 4(b) and 5(b) , that, because of , the pulse is dragged in the time axis as it propagates along the waveguide.
It has been shown that a nonlinear coupler can function as an all-optical switch [2] . For the nonlinear coupler with and , the threshold pulse amplitude required for achieving switching lies between 1.89 and 1.90 (assuming a -shaped input pulse) [2] . The propagation characteristics are shown in Fig. 6(a) and (b) for and , respectively. At , the pulse can still couple back and forth between the two waveguides with relatively little distortion, while at the slightly higher level the pulse stays mainly in one core. These phenomena form the basis of an intensity-dependent optical switch. By introducing into the analysis, the threshold pulse amplitude cannot be defined as accurately. The transition between the two phenomena just described takes place smoothly from to . The results for and are presented in Fig. 7(a) and (b) , respectively, which are similar to the coupling phenomena shown in Fig. 6(a) and (b) . In the presence of , additional pulse distortion is produced. We can observe in Fig. 7 the reminiscences of the pulse breakup effect, which is a characteristic of the coupling-coefficient dispersion.
It is known that semiconductor lasers can introduce frequency chirp to the optical pulses generated. We now analyze the effects of frequency chirp on pulse switching in a nonlinear directional coupler. The initial conditions are given by (7) with (8) where is the magnitude of the pulse and is the chirp parameter. The chirp parameter gives rise to an angular frequency change, , that varies linearly across the pulse. In the subsequent analysis, we assume that and . We first ignore the coupling coefficient dispersion by setting and studying the effects of on the switching dynamics. We find that when the value of is smaller than 0.16 the pulse stays mainly in the core where the pulse is launched. As the value of is increased to 0.18, however, the pulse can couple into the other core. The switching dynamics are shown in Fig.  8 (a) for and Fig. 8(b) for . Clearly, a small change in the frequency chirp can cause the pulse to switch from one core to the other. We next set and study the effects of on the switching dynamics. We find that the threshold range of required for pulse switching is between and , as shown in Fig. 9 , which is significantly larger than that required for the case . It should be mentioned that the amount of wavelength shift generated by a semiconductor laser is typically 0.1 to 1 nm [19] , which corresponds to for m and ps. Therefore, an effective chirp-triggered optical switch can be realized with a nonlinear directional coupler, provided that the coupling coefficient dispersion is negligibly small. i.e. .
IV. CONCLUSION
We have solved numerically the recently proposed coupled nonlinear equations for the analysis of nonlinear directional couplers by the Fourier series analysis method. In particular, we have studied the effects of a dispersive coupling coefficient on the switching dynamics of short pulses in a nonlinear directional coupler and highlighted its effects on the threshold switching intensity and the initial frequency chirp required for switching. We find that a dispersive coupling coefficient could cause significant pulse distortion, which might affect the function of the coupler as an ideal all-optical switch. Couplingcoefficient dispersion should be a factor of consideration in the design of nonlinear directional couplers.
